Additional index words. ebb-and-fl ow, ebb-and-fl ood, plant nutrition, phosphate, electrical conductivity Abstract. The objective of this study was to quantify the optimum rates of water-soluble phosphorus (P) under constant nitrogen and potassium on the growth of new guinea impatiens (Impatiens hawkeri Bull.) 'Paradise Violet' and vinca Catharanthus roseus 'Pacifi ca Red' in soilless media in a recirculating subirrigation system. The experiment was designed so that only phosphate varied between treatments while all other nutrients remained constant. The ammoniacal N to nitrate N ratio was varied to counter balance increases in phosphate. Sodium was used as a counter ion to phosphate at higher concentrations of phosphate; sodium proved to be toxic at concentrations above 6 mM. In the new guinea impatiens experiment, there was a small increase in K due to the use of dibasic K phosphate to buffer pH. All growth parameters measured (height, leaf number, fl ower number, and shoot fresh and dry weight) showed signifi cant differences with increasing P rate. Depending on the growth parameter measured, quadratic-linear models revealed an optimum P rate of 0.1 to 0.96 mM for new guinea impatiens 'Paradise Violet' and 0.45 to 1.25 mM P for vinca 'Pacifi ca Red'. For dry shoot weight, a common measure of optimum plant growth, the optimum P rate was 0.75 mM P for new guinea impatiens 'Paradise Violet' and 0.67 mM P for vinca 'Pacifi ca Red'. For fl ower number, a common measure of fl oral quality, the optimal P rate was 0.96 mM P for new guinea impatiens 'Paradise Violet' and 1.25 mM P for vinca 'Pacifi ca Red'. Electrical conductivity (EC) of the growing media increased signifi cantly with increasing rate of P. At all rates, EC was signifi cantly greater in the top layer than in the bottom and middle layers. The pH of the growing medium did not vary in relation to P concentration.
Pollution of surface water, particularly from phosphate accumulation in lakes, rivers, and coastal drainages has generated national attention and valid concerns for a dwindling fresh water supply. Eutrophication has been linked to phosphate water contamination, a key factor leading to fertility restrictions in several states (Carpenter et al., 1998; Gburek and Sharpley, 1998) .
Phosphorus leaching from soilless media in commercial container production is a problem due to three factors. First, water-soluble fertilizers, continuous-liquid feed fertilizers, and controlled-release fertilizers often are used in excess due to their success in growth enhancement with intensively managed crops (Yelanich and Biernbaum, 1993) . Second, this overabundance of fertilizer adds excessive P in leachate from top-watered irrigation systems (Haver and Schuch, 1996) . Third, soilless media have less ability to retain P than mineral soils (Yeager and Wright, 1982) , causing more P losses into the environment.
Although superphosphate routinely is placed in soilless media as an insurance against P defi ciency, tissue P levels of 'Mrs. G.G. Gerbing' azaleas (Rhododendron L.) were shown not to differ with or without superphosphate amendment in combination with or without dolomitic limestone (Yeager and Ingram, 1986) . As of yet there are no commercial solid medium production systems in which low phosphate concentrations are achieved and sustained in the growing medium solution (Williams and Nelson, 1996) either with insoluble or water-soluble P forms. An equilibrium soil solution concentration as low as 0.00646 mM phosphate P has been shown to be adequate for optimal growth of several crop plant species (Beckwith, 1965) , including fi eld-grown chrysanthemum (Nishimoto, et al., 1975) . For other crops, including poinsettia, Baas (1995) found that 0.24 mM P did not inhibit growth and plant development in ebb-and-fl ow irrigation. Phosphorus concentrations of 0.003 mM have been shown to be suffi cient for maximum growth of different species in solution culture (First and Edwards, 1987; Lynch et al., 1991) . In Lupinus mutabilis Sweet 'Potosi', Passarinho et al. (2000) demonstrated highest growth and photosynthesis rates at the 0.5 mM P level in aerated nutrient solution irrigation. In hydroponics with chrysanthemum, 0.1 mM was shown to maintain high root respiration without affecting shoot biomass (Hansen and Lynch, 1998 or (in mM) 14.3N-1.4P-5.1K.
The use of zero-leach irrigation systems provides a method of retaining lower levels of water-soluble N-P-K in solution without compromising quality of the crop or releasing nutrients in irrigation runoff (Reed, 1996; James and van Iersel, 2001a) and allows sustained P retention in soilless media (Williams and Nelson, 1996) . Previous experiments have shown lower than normally recommended rates for nitrogen (Kent and Reed, 1996) and potassium (Haley and Reed, 2004) to be optimum in recirculating subirrigation compared to recommended constant feed rates in top-watering systems . Begonias grown with 1.6 or 3.2 mM P had 38% more fl owers, and had greater dry weight, height, and width than plants grown with 0 mM P (James and van Iersel, 2001b) . Lettuce (Lactuca sativa) transplants, irrigated by ebb-and-fl ow fl otation irrigation, required at least 0.48 mM P for suffi cient root growth and rapid fi eld establishment (Soundy et al., 2001) .
Due to the wide range of data in the literature on the effect of rate of water-soluble P on horticultural crops, the objective of this study was to determine the optimum rate of water-soluble P in a recirculating subirrigation system, using new guinea impatiens and vinca as model plants. New guinea impatiens is used as a model plant that is somewhat salt sensitive and performs better under milder temperatures, and vinca is used as a model plant that is somewhat more salinity tolerant and can be adequately grown under high summer temperatures in the south.
Materials and Methods
New guinea impatiens rate experiment. New guinea impatiens 'Paradise Violet' rooted cuttings (Paul Ecke Ranch, Encinitas, Calif.) were transplanted into 11-cm-wide × 9.5-cmtall (460-mL) plastic containers on 19 Nov. 2002. Soilless growing medium used was a 2 peat : 1 perlite : 1 vermiculite (by volume) mix, unadjusted for pH (beginning pH = 5.75), with no preplant macronutrient charge, and amended with 1.1 kg·m -3 Micromax trace element mix (The Scotts Co., Marysville, Ohio.). Newly transplanted cuttings were top-watered three times with reverse osmosis-purifi ed water (RO) to settle the medium. After the initial RO irrigation, pots were placed into subirrigation trays (52 × 52-cm subirrigation trays, SpencerLemaire, Edmonton, AB) on two greenhouse benches with ten plants per tray. Each subirrigation tray had its own individual reservoir of fertilizer solution which was supplied by a submersible pump (Mini-Jet MN 606, Aquarium HORTSCIENCE 40 (7) Professor, to who reprint requests should be addressed; e-mail dwreed@tamu.edu.
Systems, Mentor, Ohio). Submersible pumps were manually turned on to fl ood the trays, which took about fi ve minutes. Trays were held fl ooded 1 to 2 cm deep for about 10 min, allowing each pot's media surface to become saturated, and then were completely drained, which took about 5 min. Subirrigation started on 23 Nov. 2002 and was terminated on 22 Feb. 2003 (day 91). The experiment was conducted in a glasshouse with average daily noontime and midnight temperatures, relative humidity, and light intensity of 23.1 °C, 20.5 °C, 69.4%, and 201 µmol·m -2 ·s -1 photosynthetic photon fl ux (PPF) (HOBO H8 sensor, Quantum Light Logger model 3600, Spectrum Technol., Inc, Plainfi eld, Ill.), respectively.
Experimental design was a single factorial randomized block design of 10 rates: 0, 0.1, 0.25, 0.5, 1, 2, 4, 16, 32, and 64 mM P. For each treatment concentration, there were fi ve individual plant replications located in an individual tray; and bench location effect was blocked for on two adjacent benches. Statistical analysis revealed nonsignifi cant block effects, and pooled data is presented. Since there were only fi ve plants remaining in the each tray at fi nal harvest contributing to the fi nal data, there was no subsampling. Phosphorus was supplied by K 2 HPO 4 , KH 2 PO 4 , NaH 2 PO 4 , and Na 2 HPO 4 . In rate studies of single nutrient ions, one has the complication of concurrent increases in the counter ion. The nutrient solutions in these experiments were designed to allow increasing phosphate concentration while holding the concentration of all other nutrients constant, except for a small increase in K concentration (11%) in the 0 to 2 mM P treatments. The small increase in K was due to the use of a combination of K 2 HPO 4 and KH 2 PO 4 in order to buffer the solution to pH 6.3. Total N was maintained constant at 8 mM by making adjustments in the nitrogen form used (NH 4 + and NO 3 -). Sodium was used as the counter cation in the 4 mM and above P treatments. Table 1 gives the nutrient solutions used to achieve increasing phosphate concentration, while holding all other nutrient concentrations constant. Since the growing medium contained no additives, Ca(NO 3 ) 2 , MgSO 4 , and CaSO 4 were added to yield Mg at 2 mM, Ca at 4 mM, and sulfate at 3 mM. For all treatments up to 2 mM P, P and K were supplied with K 2 HPO 4 and KH 2 PO 4 . For the 4 mM P and above treatments, the additional P was supplied as NaH 2 PO 4 and Na 2 HPO 4 . Plant height (soil surface to top of tallest leaf), leaf number and fl ower number (opened fl owers) were measured weekly. At fi nal harvest (day 91), plant tops were cut off at the medium surface, and leaf area (model AM82 leaf area meter; Delta-T Devices Ltd., Cambridge, U.K.) and fresh weight were measured. Plant tops were dried at 40 °C for 72 h, and then weighed for dry weight. The growing medium of each pot was cut into three equal-sized horizontal layers (top, middle and bottom), air dried, and subsamples were removed from each layer to determine electrical conductivity (EC) and pH by the 1:2 dilution method (Warncke and Krauskopf, 1983) . EC was measured using a conductivity-TDS meter (model 44600; Hach Co., Loveland, Colo.) and pH was measured using a pH meter (model 701A; Orion Research, Cambridge, Mass.).
Vinca rate experiment. The new guinea impatiens experiment was repeated with vinca. However, this experiment was designed to better defi ne the rate in the optimum range. This experiment used more rates at the lower P concentrations, the medium used for this experiment was a commercially available product that was adjusted with lime to stabilize pH, K was constant in all treatments, and the use of Na as a counter cation was minimized.
Seedlings of vinca 'Pacifi ca Red' (Speedling Inc, Blairsville, Ga.) were transplanted as in the new guinea impatiens Rate Expt. with the exception of the medium used. A commercial peat-perlite medium, Sunshine #2 (Sun Gro Horticulture, Bellevue, Wash.) was used for this experiment. The medium contained lime to adjust pH, contained no preplant macronutrient charge, and was amended with 1.1 kg·m -3 Micromax trace element mix (The Scotts Co., Marysville, Ohio). The experimental design was a randomized complete block design with three blocks of ten concentrations of water-soluble phosphorus, and 10 replications per treatment. Five plants were harvested per treatment at mid-experiment and at termination. Statistical analysis revealed nonsignifi cant block effects, hence pooled data is presented. The P rates were 0, 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, and 6 mM P from KH 2 PO 4 , K 2 HPO 4 , (NH 4 ) 2 HPO 4 , NH 4 H 2 PO 4 , NaH 2 PO 4 , and Na 2 HPO 4 . Potassium was raised to a constant 4 mM, which limited the use of Na as a counter ion to 5 and 6 mM P. The nitrate N:ammoniacal N ratio was constant at 4:4 mM. Urea was used as the ammoniacal source where lesser amounts of ammonium phosphate were used at the lower P concentrations. Since the growing medium contained lime, Ca and Mg were not added to the fertilizer solution as in the new guinea impatiens experiment. The experiment started on 9 May 2003 and was terminated on 20 June 2003 (day 42). The same plant growth and growing medium parameters measured in the new guinea impatiens rate experiment were determined, except for the separation of growing medium layers. The results of the fi rst experiment showed no statistical difference between bottom and middle medium layers. Thus, the growing medium was separated into the upper third and bottom two-thirds for pH and EC measurements. Average daily noontime and midnight greenhouse Statistical analysis was analysis of variance (ANOVA) by SAS and JMP IN v. 4.0, and optimum P rates were determined by fi tting a quadratic-linear segmented model or quadratic-plateau model using Proc Nlin (SAS Institute Inc., Cary, N.C.). Optimum P is defi ned as the point where the quadratic and linear models join.
Results and Discussion
New guinea impatiens rate experiment. Control plants were stunted, with purple leaves, fewer fl owers, necrotic spotting, and reduced height typical of P defi ciency (Fig. 1 ). There was a signifi cant effect of P rate on all growth parameters measured, and as P rate increased, growth parameters increased, then decreased (Table 2 ). In the three highest treatments (16, 32, and 64 mM), Na was used as the primary counter cation. Salt injury was extensive in these three highest treatments, causing plant death prior to fi nal harvest. One is unable to determine if this is a Na or phosphate toxicity, but one could speculate that it is primarily due to sodium. The data from the 16 mM and above treatments were not used in the statistical analysis.
Quadratic-linear segmented model analysis revealed an optimum P rate of 0.1 to 0.96 mM, depending on the growth parameter measured (Tables 2, 3, and 4). For dry shoot weight, a common measure of optimum vegetative plant growth, the optimal P rate was 0.75 mM. For fl ower number, a common measure of fl oral capacity, the optimum P rate was 0.96 mM. These optimum P rates are appreciably less than the optimum rate of 8 mM N (Kent and Reed, 1996) and 2 mM K (Haley and Reed, 2004) determined for new guinea impatiens grown in recirculating subirrigation.
Excessive salts did not accumulate in the bottom two-thirds layer (Table 5) , as indicated by the EC being below the recommended maximum EC of 1.2 to 1.5 dS·m -1 for established plants (Lang, 1996; Warncke and Krauskopf, 1983) . Excessive salts accumulated in the upper layer in all treatments, as indicated by EC values that were slightly higher than the recommended maximum. This has been a common observation in previous experiments (Argo and Biernbaum, 1995; Kent and Reed, 1996; Haley and Reed, 2004) .
The fi nal pH of the growing medium averaged 4.1 ± 0.1 (±standard error), and did not vary in relation to increasing P rate. This is signifi cantly lower than the recommended pH of 5.5 to 6.5 (Lang, 1996) for greenhouse crops. In an attempt to control the known ionic content of the system, lime was not added to the medium at the beginning of the experiment. Soluble Ca and Mg were supplied in the treatment solutions. It was hoped that the high nitrate N level of the fertilizer solutions (Table 1) would help to maintain a higher growing medium pH, but evidently it could not overcome the natural acidity of the peat moss lowering pH over time. Despite this, the lower pH values did not appear to affect plant growth or quality in the best treatments (Fig. 1) .
Vinca rate experiment. As with new guinea impatiens 'Paradise Violet', the control plants were stunted with minimal growth (Figs. 2  and 3) .
Quadratic-linear segmented and quadratic-plateau model analysis revealed an optimum P rate of 0.45 to 1.25 mM, depending on the growth parameter measured (Table 4) . For dry shoot weight, a common measure of optimum plant growth, the optimum P rate was 0.67 mM. This is slightly lower than the optimum rates found for new guinea impatiens 'Paradise Violet'. For fl ower number, a common measure of fl oral capacity, the optimum P rate was 1.25 mM.
As with the new guinea impatiens experi- Fig. 1 . New guinea impatiens 'Paradise Violet' grown at rates of 0, 0.1, 0.25, 0.5, 1, 2, 4, 16, 32, and 64 mM P in a recirculating subirrigation system (day 91, fi nal harvest). Mean separation within columns by LSD, P ≤ 0.05 (n = 5).
y Determined using a quadratic-linear segmented model using SAS Proc Nlin. ***,**** Signifi cant at P ≤ 0.001 or 0.0001, respectively. ment, the EC of the bottom two layers was within recommended levels, and the EC of the top layer was above recommended levels ( Table 5 ). The top layer EC levels were lower than those found in new guinea impatiens 'Paradise Violet', probably due to the shorter growing time.
The fi nal pH of the growing medium averaged 6.1 ± 0.1 (±standard error), and did not vary in relation to increasing P rate.
In summary, the optimum rate of watersoluble phosphate in recirculating subirrigation was determined to be 0.75 mM P for dry matter accumulation and 0.96 mM P for fl owering of new guinea impatiens 'Paradise Violet' (Table 2, Fig. 2) , and 0.67 mM P and 1.25 mM P, respectively, for vinca 'Pacifi ca Red' (Table 4 , Fig. 4) . Visually, excellent quality plants were produced from 0.25 to 3 mM P (Figs. 1 and 3) , with slightly more fl owering at the higher P rates. The higher optimum P for fl owering is probably a refl ection of the lower N to P ratio. These results are consistent with other fi ndings of acceptable plant growth with low rates of P (Beckwith, 1964; Hansen and Lynch, 1998; Nishimoto et al., 1975) . Taking into account these results and those of Kent and Reed (1996) for N, and Haley and Reed (2004) for K, the optimum rate for growth of new guinea impatiens in subirrigation is 8N-0.75P-2K (mM), which on a molar basis is a ratio of about 11:1:3. This corresponds to 112N-53P 2 O 5 -94K 2 O (mg·L -1 ), or about a 2:1:2 fertilizer ratio, which agrees with common commercially recommended fertilizer ratios for general greenhouse crops . These rates for subirrigation are about half the common commercially recommended rates of (in mg·L -1 ) 200N-100P 2 O 5 -200K 2 O for top-watering , which emphasizes the lesser amount of N-P-K needed for adequate plant growth in subirrigation. Mean separation within columns by LSD, P ≤ 0.05 (n = 5). NS,*** Nonsignifi cant or signifi cant at P ≤ 0.001. Determined with a quadratic-plateau model using SAS Proc Nlin.
x Determined with a quadratic-linear segmented model using SAS Proc Nlin. ***,**** Signifi cant at P ≤ 0.001 or 0.0001, respectively. 
